Cooper pairs into spin-one triplet pairs. These pairs are immune to the pair-breaking exchange field in F and support a long-range proximity effect. Although recent experiments have confirmed the existence of spin-polarised triplet supercurrents in S-F-S Josephson junctions, reversible control of the supercurrent has been impossible because of the robust pre-configured nature of the inhomogeneity. Here we use a barrier comprising three F layers whose relative magnetic orientation, and hence the interfacial inhomogeneity, can be controlled by small magnetic fields; we show that this enables full control of the triplet supercurrent and, by using finite element micromagnetic simulations, we can directly relate the experimental data to the theoretical models which provide a general framework to understand the role played by magnetic states in long-range supercurrent modulation.
Introduction
The interplay between superconducting and magnetic order parameters constrained by the exclusion principle and fermionic exchange statistics has given rise to rich and diverse physics and reignited the interest in the problem of coexistence of magnetism and superconductivity 1, 2 . Of particular relevance is the theoretical prediction 3 that magnetic inhomogeneity at a S-F interface leads to a conversion between singlet and triplet spin pairing states in different quantization bases and produces equal spin Cooper pairs. Recent experimental verification [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] of long-ranged supercurrents in ferromagnets has raised the intriguing possibility of taking the next step towards practical implementation as a dissipation-less version of spin electronics (spintronics) 15 . Two key aspects need to be addressed for a realisation of such circuits: efficient generation of spin-polarised supercurrents, and their active control. Efforts [16] [17] [18] in the last few years have been primarily directed towards optimising the supercurrent; little progress has so far been made in directly controlling it.
Optimising the inhomogeneity in the form of a robust spin-mixer layer which maximises the singlet to triplet conversion ironically appears to make it difficult to design an externally controllable system.
In this article, we report SF'FF'S Josephson junctions in which the magnetic alignment between thin F' mixer layers (composed of the soft ferromagnet Ni 80 Fe 20, Permalloy, Py) and a thicker F layer (Co) can be controlled by the applied magnetic field and show that the magnitude of the critical current is controlled by the net misalignment of the magnetism in the three layers. In particular,
we show that the supercurrent is zero for the parallel aligned case (Fig. 1a,b ). This device is the superconducting analogue of the spin valve which is the foundation of conventional spintronics 19 .
We analyse our results based on the Houzet and Buzdin model 20 of a Josephson junction incorporating a trilayer magnetic structure which, in combination with finite element analysis, provides a semi-quantitative fit to the data. Fraunhofer-type dependence with distinct second lobes. In Fig. 2 (a) and, from a similar device, in Fig. 3 (a) we observe that the overall shape and behaviour of is very different: goes to zero above a certain field magnitude instead of showing multiple oscillations with field (confirmed by the linear current-voltage characteristic recorded at -40 mT ( Fig. 3(a) inset) ); the small rise seen at high fields is associated with thermal effects arising from the magnet coil. On reducing the central Co layer thickness to 3 nm which enables a singlet contribution to the supercurrent, although the central peak remains strongly distorted, additional lobes reappear beyond the first minima ( Fig.   2(c) ).
Results

Transport measurements of SF'FF'S Josephson junctions
Although unusual patterns have been reported before in SFS, SF'FF'S or SIFS Josephson junctions 16, [21] [22] [23] ; these are irreproducible and attributed to stochastic variations of the flux arising from a multi-domain magnetic barrier. This is distinctly different from what we observe here: a highly reproducible but strongly distorted central peak with zero critical current beyond a certain magnetic field value.
We start the discussion of these results by setting an upper limit for the singlet through such devices. In general the singlet in SFS Josephson junctions will be oscillatory with multiple transitions with increasing F thickness 24, 25 , but to provide an estimate of the upper limit of the singlet current we just consider the envelope of the maxima -in other words assuming that the net exchange energy of the barrier is such that singlet pair dephasing is zero and that the supercurrent is just limited by the coherence lengths. The singlet coherence lengths and have been measured to be 3.0 nm and 1.4 nm respectively 26 , meaning that the total F barrier thickness is equivalent to 12 nm of Co for the devices shown in Fig. 2 , gives a maximum singlet of ~ 40 μA. This value does not take into account the additional scattering at the multiple interfaces in our structures 27 . To take account of these interfaces and at least partial cancellation of the dephasing, a more representative number might be obtained by extrapolating from similar sized junctions with much thinner Py(1.6)/Cu(8)/Co(1) ferromagnetic barriers 28 , for which the varied between 0.8-2 μV thus, giving a maximum of ~ 60 μA when the two F layers were AP. In our devices the ranged from 4-11 μV with a corresponding of ~ 500-600 μA. We therefore conclude that the supercurrents cannot originate from singlet pair transport and so must be primarily mediated by spin-one triplet pairs.
The non-collinearity between the adjacent F layers which is required for triplet generation 20 arises from the complex magnetic microstructure of the F layers which itself is due to a competition between the dipolar field [29] [30] [31] , magnetic anisotropies and the external field. Since this microstructure changes with the applied field, the maximum critical current, should depend on .
For our junctions, the modulation is controlled by two factors: firstly, the field-dependent magnetic inhomogeneity determines the maximum triplet supercurrent and, secondly, phasevariations arising from the applied field and induced changes to the net barrier moment determine the net (which leads to the Fraunhofer modulation seen in conventional junctions). Both of these factors depend on the details of the micromagnetic configuration of each magnetic layer and so it is necessary to understand how this depends on .
Finite element analysis of dependence on magnetic field
Experimentally it is hard to directly visualise these states in sub-micron devices and, although previous SFS experiments have used indirect information from magnetic measurements of unpatterned films, the much weaker role of dipolar fields in continuous films means that it is impossible to directly relate the details of the micromagnetic structure of nanopillar devices from such measurements. Instead we have used finite element micromagnetic simulations 32 100 nm thick Cu. The uniaxial anisotropy for Py was calculated from the difference in area of the hysteresis loops measured along the hard and easy axis and the direction, originally set by the growth field, was orthogonal to the applied field . However, it is seen that the dipolar energy term in this case is much larger than the Py anisotropy energy and alone dictates the ground state configuration. To determine the value of Co anisotropy we have simulated a spin valve structure consisting of Co (1.5)/Cu (7.5)/Py (1.5) similar to the one used in Ref [28] which was grown under similar conditions and modified the Co anisotropy value to match the switching field obtained from magnetoresistance measurements on these structures. The value obtained from these simulations is 40% of the reported value in OOMMF database; this is not unexpected since the anisotropy strongly depends on the growth conditions, the substrate used and the film thickness 33 . The Co anisotropy was in the plane of the layer and the direction was chosen from a random vector field which reflects the polycrystalline nature of the sputtered films. The damping coefficient was set to 0.5 which allowed for rapid convergence. This observation is important in its own right as there have been speculations about the specific origin of spin-polarised supercurrents in SF'FF'S devices before. Although it was concluded by Khasawneh et al. 22 that non-collinearity between F' and F layers most likely gives rise to the spinpolarised supercurrents rather than inhomogeneity in F' layers, our simulations indicate a more subtle effect at play. Intuitively one might be inclined to believe that there is little inhomogeneity in nano-pillar devices, but it is evident here that inhomogeneity does exist and if engineered properly using F layer with difference in coercivities, this can be translated to a local non-collinearity between Py and Co layers which is critical for spin-polarised supercurrent generation.
To proceed further, a quantitative estimate of the magnetic inhomogeneity as a function of is orientation of the magnetization of the outer layers. This is clear from the micromagnetic simulations shown in Fig. 3(c) ; at low fields, local regions of the junctions are in a or state thereby reducing the total critical current through the junction. Also, the dependence of the critical current on the relative angle between two F layers reflects the fact that non-collinearity induced by inhomogeneity between two F layers is more important than inhomogeneity in a single F layer where it occurs at the scale of the magnetic exchange length, which far exceeds the coherence length of a Cooper pair in the F layer. To calculate the phase-variation owing to the local flux density arising from a combination of the inhomogeneous barrier magnetization and , we integrate the variation of the phase difference of the superconducting order parameter ( ) over the junction area
where is the penetration depth of the superconductor, ̂ is the direction normal to the plane of the junction and is the charge of an electron. Here, the line integral is carried out for all the points defining the junction by starting from the origin where is defined. The critical current is finally obtained by maximising with respect to of the surface integral defining the junction over the points . The effective value of λ for our materials and geometry is estimated to be 90 nm (by measuring the field corresponding to one flux quantum) from devices with similar dimensions and Nb thicknesses but with Ho as the triplet generators instead of Py (Fig. 2(b) ). Given the complex magnetization distribution in our junctions, a simple analytical solution to equation (2) is not possible and so we apply a numerical technique 34 (Fig. 3B inset, Ref 4) gives .
This implies a significant partial cancellation of the magnetisation flux arising from fringing fields producing a flux in the opposite direction in the region within the penetration depth of the superconductor. Using , calculated from equation (5) with is shown in Fig. 3(b) (inset); the distortion of an ideal Fraunhofer pattern arises due to field-dependent inhomogeneous magnetism of the barrier. Figure 3 (b) (green curve) shows the full solution of equation (5) by including shown in the other inset and thus shows the combined effect of the dependence of the triplet supercurrent on the magnetic structure and the flux arising from the inhomogeneous magnetic barrier.
Discussion
Inspection of Fig. 3(b) shows that several features of the experimental curve are well reproduced.
These include the rapid decay of above a critical field and the severely suppressed higher order lobes as a result of a more homogenous magnetic structure where → 0. The small remnant oscillations in the simulated curve arises from a residual inhomogeneity at the edges arising from dipolar fields between Py and Co layers which always remain in the simulation but, experimentally may not contribute because of surface oxidation and intermixing arising from the ion-milling during fabrication. The dip near zero field (less prominent in the experimental curve) is quite sensitive to the magnetic configuration of each layer. At low fields, such configurations are quite prone to stochastic variations induced by factors like the film microstructure, exact device dimensions and magnetic history, and direct comparison with experiments are difficult to make in that field region.
Ideally, the low and zero field configuration is expected to be symmetric with respect to the magnetic state of the outer layers and noncolinear to the central Co layer; this implies that globally the junction is in a state and the sign of the product of is irrelevant. Taking this fact into consideration, we have simulated the same junction (Fig. 3b, brown curve) . The two simulations differ only at or near zero field. This brown curve, therefore, provides an upper limit to the critical current close to zero field for a junction with homogeneously symmetric (or antisymmetric) outer Py layers.
In view of the above, the behaviour of devices with thinner Co (Fig. 2(c) ) becomes clear: on reducing the central Co layer a background singlet current flows whose maximum value is insensitive to the magnetic state in the device and is thus visible as phase-controlled oscillations beyond the central lobe.
From the point of view of applications, the key aspect of this result is the experimental proof that the triplet supercurrent amplitude can be reversibly controlled by changing the magnetic inhomogeneity within the barrier. This provides direct control over the spin-polarised supercurrent which is of fundamental importance towards the realisation of practical superconducting spintronic circuits. Perhaps equally as importantly, we demonstrate that significant inhomogeneity can be generated even in nanoscale junctions and appropriate engineering of the micromagnetic structure offers the potential to optimise the response of the system to very small field changes or spin transfer torques [35] [36] [37] . Device fabrication. Devices were prepared with either 1.5 or 2.5 nm Py layers (y); in general these showed similar results. Standard optical lithography and Ar-ion milling were used to define 4-μm wide tracks which were narrowed down by focused-ion-beam milling to make currentperpendicular-to-plane devices: details of the process are described elsewhere 38 . The average device dimensions were in the range of 600 nm × 500 nm.
Methods
Transport measurements.
A custom-built liquid He dip probe was used to cool the devices down to 4.2K by dipping it in a liquid He dewar. Current-voltage characteristics were measured by a 4-point technique using a current-biased circuit attached to a lock-in amplifier. The Josephson effect in the devices was measured by applying an in-plane magnetic field and measuring the critical current as a function of the applied field ( Fig. 2(a) ). The critical current was determined using a voltage criterion and hence a finite value is recorded even in the absence of a supercurrent. To subtract this background contribution, we have divided this criterion voltage by the normal state resistance of the junction which shifts the effective zero critical current line to the values shown by the red dotted line in each figure. The field was applied perpendicular to the Py easy axis which gives a weak tendency of the Py to align itself perpendicular to the Co layer at low or zero external fields. Fig. 3(b) .
